In an improved multisource thermal model, we systematically investigate the transverse momentum spectra in pp collisions at high energies ranging from √ s NN = 62. 
INTRODUCTION
Inclusive measurements of charged-particle distributions in pp collisions provide an insight into the strong interaction in low-energy, non-perturbative region of Quantum Chromodynamics (QCD) 1602.01633. Investigations of charged-particle production are refining the understanding of global properties of pp collisions at the LHC. As the collision energy increases, a much broader and deeper study of QGP will be done at the LHC. It leads to a significant extension of the kinematic range in longitudinal rapidity and transverse momentum. And, the charged-particle distribution is very helpful in understanding the basic production mechanism of hadrons produced in nucleon-nucleon and nucleus-nucleus collision experiments. Transverse momentum spectra of the particles play an important role in the observation of high-energy collisions. The spectra can provide insight into particle production as well as matter evolution in pp or AA collisions at RHIC and LHC energies [1] .
At one of the later stages in collisions, the system will be dominated by hadronic resonances. At the last stage of high-energy collisions, the interacting system at the kinetic freeze-out stays at a thermodynamic equilibrium state or local equilibrium state. The particle emission process is influenced by not only the thermal motion but also the collective flow. Based on the creation and subsequent decay of hadronic resonances produced in chemical equilibrium at unique temperature and baryon chemical potential, thermal-statistical models can give a consistent description of particle production in heavy-ion collisions at high energies during the past two decades. The identifying feature of the thermal model is that all the resonances as listed by the Particle Data Group are assumed to be in thermal and chemical equilibrium [2] .
In recent years, some phenomenological models or (semi-) empirical formulas of particle distributions in heavy-ion collisions, up to LHC energies, has been reported to explain the experimental data of the P T (or m T ) spectra in pp and AA collisions. It is interesting to note that various exponential functions in the distribution descriptions were adopted [3] , such as P T exponential distribution
In this work, combined with the exponential functions, we improve multi-source thermal model by considering the rapidity shifts of longitudinal sources along the rapidity axis. The improved model is used to analyze the transverse momentum spectra in pp collisions at RHIC and LHC energies.
MULTISOURCE-PRODUCTION DESCRIPTION OF TRANSVERSE MOMENTUM SPECTRA
(Eur. Phys. J. C (2014) 74:2785) In order to understand the particle spectra observed in multiparticle production processes, Hagedorn proposed a statistical description [11] , where the transverse momentum P T spectra follow a thermalized Boltzmann type of distribution
where the < · · · > denotes the mean transverse momentum averaged over all events in the event sample.
it is an exponential function and can only fit the experimental data in a limited range of transverse mass, 0.2 < m T − m π < 0.7 GeV [12] . But, a width of the rapidity (or pseudorapidity) distribution of corresponding particles is not considered for the P T distribution function. In order to be consistent with experimental data, the pseudorapidity interval integral has been added in Ref.
[APPB],
where
The y is a function of η and P T y = 1 2 ln At ultra-high energy, the two cylinders are completely separate, resulting in a gap between them. In the rapidity y space, the projectile cylinder and the target cylinder lie in the rapidity ranges [y Pmin , y Pmax ] and [y T min , y T max ], respectively. The center rapidity of the interacting system is denoted by y C (or y cm ). By the parameters, we describe pseudorapidity distributions of charged particles produced in pp collisions over an energy range from 400 A MeV to 100A TeV [18] .
where f s (y, y ′ ) is the rapidity distribution of particles emitted from a source at y ′ . In terms of the description of the transverse momentum P T = P 2 x + P 2 y and the transverse mass m T = P 2 T + m 2 distributions, we need to consider the longitudinal rapidity of the emission sources in the cylinder(s). These sources with different rapidity shifts in the rapidity space located nonuniformly in the rapidity region. In order to deal conveniently with the relation between the sources and particles, the sources can be divided into n groups in accordance with the longitudinal locations. Due to different interaction mechanisms or event samples, the source number in the ith group is assumed to be k i . Identified fragments or particles emit isotropically from different emission points (also known as sources) formed in the high-energy collisions. (Eur. Phys. J. C (2014) 74:2785) The transverse momentum spectrum contributed by the jth source in the ith group is an exponential distribution
where a source-excitation factor
is the mean value of the transverse momentum of particles which come from the source in the group. In the same group, we have
where the k i is the source number in the ith group. By computing convolution of the exponential function Eq. (1), the transverse momentum contributed by the i group is
It is an Erlang distribution. Then, the transverse momentum distribution is given by
which is known as a multi-component Erlang distribution. The c i is the share of the i group. In the improved model, the rapidity cut is naturally and consistently taken into account. To simplify the calculation, the Monte Carlo method is used to calculate the transverse momentum spectra. With Eq. (1), the transverse momentum is
where R i j is a random number in [0, 1]. According to the pseudorapidity distributions, the sources may be divided into two groups n = 2. The parameter values are obtained by fitting the experimental data. In the calculations, we take one source in the first group k 1 = 1 and two sources in the second group k 2 = 2. For pions, kaons and protons, the mean P T in the second group < P T 2 > are 0.11 GeV/c, 0.20 GeV/c and 0.26 GeV/c, respectively.
COMPARISON WITH EXPERIMENTAL DATA
As can be seen from Fig. 3 , the mean P T of the first group < P T 1 > change regularly with ln √ s NN , The results with Tsallis statistics using the two-cylindrical multisource thermal model are in good agreement with the experimental data.
The calculated P T
CONCLUSIONS
Final-state particles produced in high energy collisions have attracted much attention, since attempt have been made to understand the properties of strongly coupled QGP by studying the possible production mechanisms [22, 23] . Many exponential distributions are suggested in description of the final-state particle distribution. Thermal statistical models have been successful in describing particle yields in various systems at different energies [14,24C26] . In present work, we embed the exponential distribution into the geometrical picture of the multisource thermal model to describe the transverse momentum spectra in pp collisions at RHIC and LHC energies. In the rapidity space, the sources of final-state particles stay at 
